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Abstract

We report the effect of room-temperature oxidation on scattarfn§33 nm light by copper particles
deposited on a silicon wafer. The results provide a validatiom fitreory of light scattering by coated
particles on a substrate and establish the lifetime o&thadicles as light scattering standards to be on the
order of a few months. The results also suggest that the rogmesstiore oxidation of copper particles
proceeds in a continuous manner, rather than approaching an asynhitktieds as found by Cabrera and
Mott [Rep. Prog. Phyd2, 163 (1948)] on copper films.
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Recently, we reported the development of metal nanoparticlescdbibrating light scattering
instrumentation, such as that used to detect particles ioansivafers. Dielectric particles are commonly
used because nearly monodisperse polystyrene (PS) spheres arerciaity available. Metallic particle
standards are of interest in scattering metrology bectgsescattering by metallic particles can differ
substantially from that by dielectric particles of the sasize. In particular, metallic particles provide a
rigorous test for the accuracy of theories for light sdatjeby particles attached to surfaces, since the
interaction of metallic particles with a substrate can behrstronger than that of dielectric particles and can
have a significant effect on the scattering behavior. Furthresmmetallic particles may be more
representative of particles found in production environments. Ihetiés, we describe the time-evolution of
the oxidation and the resulting scattering behavior of copgeeres on a silicon wafer exposed to typical
laboratory atmospheric conditions.

Hydrogen-free spray pyrolysis, followed by electrostatic sifesition, was used to generate copper
spheres having diameters of 100 nm and 140 nm with size distribtizming standard deviation of 3 Arh.
Using an electrostatic precipitator, these spheres were dmpasito a silicon wafer (140 nm spheres) for
light scattering experiments and a transmission electron rmpgs(TEM) grid (100 nm spheres) for
imaging, with a particle number density of approximately 500%nrThe wafer and TEM grid were then
stored in plastic containers exposed to atmospheric preasu@m temperature (22 °C + 2 °C), and
periodically removed to perform light scattering measurenmamdsTEM. The relative humidity ranged from
15 % (winter) to 40 % (summer) during the year.

A thin coating (a few A in thickness) on the copper spheres coultbserved in TEM the day after
production, a result observed on copper films by other reseafcRagsre 1 shows three representative
images taken after 3 weeks, 18 weeks, and one year. Figure 2 thleomsde thicknesg determined from
TEM images as a function of tinteThe oxidation proceeds in an approximately linear fashion. fidwetlgy



function, obtained by a weighted linear least-squares fig,(ism)= 0.03Xt (days with anr*correlation
coefficient of 0.992. The 95 % confidence uncertainty in the rate is 0.004 nm/d.

The resulting copper oxide phases can be either cuprous oxig®)(@ucupric oxide (CuO) depending
on temperature and oxygen concentration. At room temperature, ho@ey®rjs the dominant product of
oxidation? and the CyO film can be terminated by a few monolayers of cupric oxide (Qu@jucts at the
air interface® To properly use these particles in scattering measuremeatseed to determine the oxide
composition because @ and CuO exhibit different optical properties. X-ray diffraati (XRD)
measurements (Cudy were performed on a polydisperse sample, collected fithagion, after 12 months
of storage in a plastic container at room temperature. FRjghomws the XRD results for the copper powder
immediately after production and after 12 months. Clear evideht®e formation of the crystalline gD
phase is seen in Figure 3(b) &-236.5° and 2= 61.4°, while no crystalline CuO phase&g 35.5°, 38.8°,
and 48.7°) is observed.

Figure 4 shows polarized light scattering results for the 14@iameter copper spheres on a silicon
substrate at the time of production and after 12 months. Lighésngtparameters (differential cross section,
do/dQ, degree of polarizatioR, normalized degree of circular polarizatiBgP, and the principle angle of
polarization /7) were measured in the plane of incidence with an incident afglé6(®, 45° incident
polarization, and wavelength = 633 nm. Measurements performed within two months from production
were essentially indistinguishable from those taken immdgiafter production. However, by 12 months a
clear change in all of the scattering parameters can be observed.

The theory of Bobbert and Vliedehas been shown to predict the scattering behavior for ispher
particles on surfaces. The theory has been extended to acooth® fiwesence of a substrate coating and a
particle coating. Included in Fig. 4 are predictions for thétestag parameters for a 140 nm copper sphere
above a silicon substrate having a 1.6 nm native oxide cdafihg. agreement between the theoretical
prediction and the data measured soon after production is very goatbn-Bnear least-squares fitting
routine, letting the particle coating thickness be the onlygaeameter and fitting to all of the light scattering
parameter§ found a particle coating thickness of 15 nm from the dataure@&42 months after production.
This thickness is within the uncertainty of the thickness obsein Fig. 2. The resulting fit to the theory is
included in Fig. 4 and shows reasonable agreement with the reepéri The theoretical prediction for a
7 nm particle coating thickness is also shown, and does not agreevithekither of the experimental
measurements. We estimate that the copper sphere pastinlesly be used as a scattering standard for a
period of about two months.

Oxidation of metallic materials is an important process in fhin growth, catalysis, and gate oxide
formation, while it sometimes causes serious problems in wiregiit boards and preserving integrity of
material standards. Many oxidation studies have been reporteifioremperature casg$*?but only a few
studies have been done to understand metal oxidation behavior atroperature conditiorfs. One of the
theories of the oxidation of metals was reported by Cabrera atiif kor both high and room temperature
cases. They found that, for example,@growth at room temperature is initially very rapid when exposed to
oxygen, but growth slows remarkably within an hour after a atiticickness of approximately 10 nm is
reached. This behavior is relatively insensitive to oxygessure. They found that & growth nearly ends
within about 5 h at room temperature once a thickness of 13 neacbed. Their results differ from the
results presented here, where we observe an approximate linear growdlpevied of a year.

Yanget al?® reported CyO film formation on a Cu substrate at a partial pressumedss 7x 10° Pa and
10° Pa at temperatures between°60and 600°C. They noted only epitaxial oxide island formation from
nucleation to coalescence of Lufor all pressures and temperatures examined. For exampj® C
nucleation was visible within 5 min at 13 Pa at 360 and the oxide islands grow via coalescence, covering
the whole substrate within 25 min. Once coalescence happensfioni of copper is self-limited by the
change from oxidation of the surface as the limiting step foisiiin of oxygen through the oxide layer
becoming the limiting step. Therefore, Yaagal® suggested the self-limiting oxidation rate is due to the
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coalescence of oxide islands, not to the uniform passivationffifmation of oxide in a layer-by-layer
fashion as noted by Cabrera and Mott

In summary, we report on room temperature oxidation of submicroroepgrer particles. Excellent
agreement between light scattering measurements and TieMhid. The results also suggest that the room
temperature oxidation of copper particles proceeds in a continmanser, rather than approaching an
asymptotic thickness as found by Cabrera and Mott. The reslittateaa theory of light scattering by coated
particles on a substrate, and demonstrate the method of latérsty as a means for measuring particle
coating thickness. Furthermore, it is found that the lifetoheuch particles as light scattering standards is
limited by the growth of this oxide layer to a few months.

The authors gratefully acknowledge the assistance of Mr. EriGteel with the X-ray diffraction
measurements, and Dr. George W. Mulholland for many useful discussions.
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FIG. 1. TEM images of copper spheres showing the growth of oxide coatingraienteeks (a), after 18
weeks (b), and after 12 months (c), at room temperature. The length of th@baum.

o7 T T

Coating Thickness (nm)

0 50 100 150 200 250 300 350 400
Oxidation Time (Days)

FIG. 2. Growth of the copper oxide thickness on the copper spheres at room tengpdiiae uncertainties
shown represent 95 % confidence levels.



(a)“J o N |
® S L) 1 L

20 30 40 50 60 70 80 90 100
26 (deg)
FIG. 3. X-ray diffraction from copper powder. Curve (a) was measshedtly after production and curve (b)
was measured after 12 months. Intensities are reported in arbitrary units.
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FIG. 4. The differential scattering cross sectioroi@), the degree of polarizatioP), the normalized
degree of circular polarizatiofP{/P), and the principal angle of the polarizatiop) (neasured for 140 nm
copper spheres deposited on a silicon wafer using 45 deg polarizddnindght. Filled squares were
measured for copper spheres at the time of production, and hollovesguere measured for copper spheres
after 12 months. The solid, dotted, and dashed curves were tadctda copper spheres with no coating,

7 nm coating, and 15 nm coating, respectively.



